Polycrystalline diamond coatings with uniform structure and thickness distribution are grown by microwave plasma CVD on WC-6%Co substrates using an optimized pocket-type substrate holder. Wear rate of the coated cutting inserts upon cutting of Si-Al abrasive alloy was strongly reduced.
Introduction
Diamond coatings on hard alloy tungsten carbide tools, owing to low friction coefficient, high strength and wear resistance, are of great interest for treatment of advanced materials [1, 2] .
Most commonly the diamond coatings on cutting tools are produced by chemical vapor deposition (CVD) using a microwave plasma (MPCVD) and hot filament (HFCVD) [3] . While the MPCVD technique principally provides a higher growth rate and film quality compared to HFCVD, the process stability and the film uniformity strongly depend on the shape and aspect ratio of the substrates. Tungsten needles-cathodes [4] for field electron emission, drills and inserts for superhard tools [5] and others are the examples of high-aspect ratio (h/d, where h means thickness and d means diameter) substrates. The growth in microwave (MW) plasma on substrates with high enough aspect ratio (h/d > 0.1) requires special means to provide a uniform heating [4, 6] . The MW plasma shape is sensitive to substrate geometry because of an edge effect: the plasma concentrates in the areas of electric field distortions, especially at the edge of strongly protruding substrate that causes a non-uniform diamond film deposition [6] . This detrimental effect of local MW field and the substrate temperature disturbance is aggravated with aspect ratio increase [7, 8] , for example, in case of drills. Therefore, the temperature uniformity becomes a key condition determining the possibility of successful diamond deposition.
Overheating of edges of a WC-Co substrate considerably facilitates cobalt diffusion which, penetrating the surface catalyses non-diamond (sp 2 ) phase formation, destroying the adhesion [2] between WC-Co and diamond film. The temperature rise degrades the adhesion because it increases an internal stress at the boundary of diamond film and substrate due to the difference in coefficients of thermal expansion.
The transition from the use of a microwave reactor with a frequency of 2.45 GHz to reactors with 915 MHz frequency improves heating uniformity [9] , but only for low-aspect 3 substrates (h/d < 0.1). One can avoid this problem using HFCVD and DC electrical discharge systems with more uniform temperature distribution [3, [10] [11] [12] to produce diamond films on complex shape substrates. However, there are technical difficulties because of filament carburization [13] , moreover, typical growth rates in the HFCVD method are by an order of magnitude lower compared to that for MPCVD [14] . The heating uniformity becomes to be a problem upon MPCVD deposition scaling. So, for a single substrate as well as for group deposition the temperature of a substrate depends on its height and location on the substrate holder [15, 16] . It was suggested to lower the temperature gradient for single high-aspect ratio substrates h/d = 0.25 [17] and h/d = 0.4 [6] ) owing to use special substrate holders.
Here, we obtained a uniform heating of high aspect ratio WC-6%Co hard alloy substrates by eliminating the edge effect using a cassette-type substrate holder (plateholder). Diamond films growth on substrates of different aspect-ratios is investigated, and the morphology, grain size, growth rate and internal stress of diamond films are analyzed. Finally, the diamond-coated cutting inserts produced at optimized conditions were tested upon turning А390 Al-Si alloy.
Experimental
Three series of experiments on diamond deposition were performed using WC-6%Co
substrates of cylindrical shape with diameter d = 10 mm and different heights h of 2.5, 3.5, 4.5 and 5.5 mm (the aspect ratio h/d ranged from 0.25 to 0.55). The samples were placed on the substrate holder around its symmetry axis (Fig. 1) . Preliminary, the substrate surface was home-made facility to maintain these deposition conditions. Before the magnetron sputtering the argon ion beam cleaning was performed at current density of 1.0 mA/cm 2 and energy of 500 eV.
We use ion source which is develop and produce by ourselves. These ion guns belong to the gridless type -the so-called anode layer ion source. The first series of experiments was performed for a group of four samples in an open-type substrate holder made of molybdenum ( Fig. 1 a,b,f) , in conditions, when the plasma embraced all the surface of the substrates. The 4 second and third series were performed in a closed-type plateholder with pocket placed on the flat Mo holder ( Fig. 1 с,d ,e,g,h). The height of all the substrates was the same h 0 = 4.5 mm in the first and the third experiments ( Fig. 1 f,h ), and it was reduced by 1 or 2 mm to h 1 = 3.5 mm and h 2 = 2.5 mm, or increased to h 4 = 5.5 mm in the 2 nd experiment (Fig. 1 c) We grew diamond films in home-made "Ardis-100" MPCVD reactor chamber [14] similar to "Astex" (now "SEKI-Diamond") system. Magnetron frequency was 2.45 GHz, but microwave energy delivers coaxially to the substrate from the bottom. The diamond deposition conditions in all the experiments were as follows: methane concentration in H 2 of 4%, microwave power of Contact profilometer Calibre 252 with diamond tip was applied to measure curvature radius of the cutting edges.
Results and discussion
When one uses an open plateholder, the heating of the substrate is strongly non-uniform (Figs. 1 a,b): the outer edge of the samples is overheated due to the increased microwave power density (edge effect); as a result, the diamond film peels off in the overheated areas. It was noticed that microwave plasma discharge is formed on each high-aspect substrate and is modified depending its position in the reactor cavity (Fig. 1b) . This leads to non-uniform heating of samples even in a simple case with four symmetrically placed substrates of identical height.
To eliminate this negative effect, we changed the shape of microwave plasma. Instead of a contour formed on individual substrates, we produced a common contour of plasma cloud with base on the perimeter of the plateholder (Figs. 1 c-h). The diameter D of the plateholder was chosen equal to half of the wavelength λ at microwave frequency of 2.45 GHz, D = 57 mm ≈ λ/2, and the height of the plateholder was chosen equal to the average height of the experimental samples of substrates (Н = 3.5 mm). The uniformity of temperature at the center and edges of samples on the growth plane was qualitatively estimated by the brightness of the colour range of the photo, which was the same on all the substrates in the plateholder (Fig. 1e ). The geometry of substrates of different height and the parameters of microcrystalline diamond films deposited at different temperatures in microwave plasma are shown in Table 1 . The parameters highlighted in 6 the table guarantee deposition conditions with good adhesion and uniform morphology of diamond films on WC-6% Co substrates. Traditionally, the substrate temperature T(top) measured from the top through plasma is systematically overestimated due to the radiation of microwave plasma, which is a gray body The temperature interval and the range of distances within which the diamond film deposited on WC-6% Co grows at a rate of 0.3-1.0 µm/h and does not peel off appear to be
о С) and Δh = 0…+1 mm (Fig. 3) . At low temperatures, the film grows too slowly; for example at 700 о С (Δh = -1 mm) the growth rate is 0.15 µm/h (Table 1) , and it does not grow continuous even for 4 hours (Fig. 4a) . On the contrary, at higher temperature T(side) = 870 о С, when the substrate height exceeds the plateholder height by Δh = +2 mm, the film grows quite rapidly (3.4 µm/h, Table 1 and Fig. 4d ), but it peels off after the growth (Fig. 3a) . Perhaps, delamination is caused by temperature rise, which results in (i) an increase in thermal stress due to the difference in the thermal expansion coefficients of diamond (10 -6 К -1 ) and tungsten carbidecobalt hard alloy (4.8·10 -6 К -1 ) and (ii) an increase in diffusion of cobalt through the tungsten barrier layer. The distance range Δh is likely to be wider; however, the determination of its boundaries requires additional experiments. Obviously, one can choose an optimal temperature by changing the distance between the substrate and plateholder surfaces 8 during MWCVD growth of diamond. This will allow effective control of the growth rate of a uniform or a gradient structure of polycrystalline diamond films. All the films are nano-or microcrystalline with octahedral facets, typical of gray diamond, formed mainly by {111} planes with inherent twinning [19] . The mean grain size d grain increases with temperature (Table 1) . We calculated d grain using SEM images (Fig. 4) Table 2 .
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We couldn't measure roughness of the sample with Δh = 2 mm due to delamination of the diamond film after cooling from T(side) = 870 o C down to room temperature and handling with it. It is interesting that the least mean roughness R a (Table 2 ) is observed at growth temperature of T(side) = 740°С, when sample and plateholder heights are the same (thickness of 0.6 μm, Δh = 0 mm, periphery): R a = 241 nm, rather than in the case of Δh = -1 mm, when the growth temperature is the lowest (Table 1) The space resolution of the pyrometer Micron M770 we used for temperature measurements from the top of the substrates (Fig. 1a,e) holder [8] , in which case the largest grains are located at the sample periphery. We don't see that usual dependence for the samples of Δh = -1, 0, 1 mm which correspond with absence of noticeable edge effect under visual observation (Fig. 1c) .
Grain size of diamond films grown in open-type sample holder on WC-Co substrate is not uniform [8] because of the edge effect. Roughness and grain size ( Table 2) Raman spectra of the films (Fig. 5a ) deposited at temperatures of T(side) = 700, 740, and (Fig. 5) , probably belonging to amorphous carbon typical for WC-Co/diamond samples [20] . According to [24] , relative intensity for diamond to graphite bonded carbon with 473 nm excitation is about 1:75. Appling this relation, we can deduce that real sp 3 phase proportion rises with temperature from 98.5% at. C, respectively. The higher growth temperature, the higher ν x shift and compressive stress of CVD diamond film. We can indirectly estimate growth temperature, for example on the diamond surface grown at Δh = 0 mm (Fig. 5b) . The ν x -ν ns shift on the center/half of the radius/periphery amounts accordingly to 4.3/3.5/3.9 cm -1 indicating the absence of overheat at the edge (Fig. 5b) . Therefore, Raman shift allows us to conclude: T(half of the radius) < T(edge) Co/W/diamond temperature, the easier Co diffusion towards diamond surface. This is the third way to estimate deposition temperature. We conclude therefore that T(half of the radius) < T(center) < T(edge) for Δh = 1 mm (XRF estimation). From d grain estimation (Table 2) we deduce another result: T(half of the radius) < T(edge) < T(center). In both cases, temperature at the half of the radius is appears to be minimal which agrees with result for Δh = 2 mm sample where diamond film retained only at the half of the radius which indicates there minimal graphitization caused by cobalt diffusion. XRF detected 0.04% at. of Co at the half of the radius on the diamond surface (Δh = 2 mm), 0.32% at. of Co on the center (on the WC-Co/W surface, the diamond film delaminated there) and 1.73% at. on the periphery (WC-Co surface, the film delaminated with W layer) (Fig. 3a) . Accordingly to XRF estimation for Δh = 2 mm sample, T(half of the radius) < T(center) < T(periphery) which testifies about the edge effect. This and without CVD diamond coating was measured by machining A390 silumin containing 18%
wt. of silicon carbide. The measured curvature radius, which characterizes the sharpness of the cutting edge of a plate without coating was ρ = 50 µm and that of a plate with diamond coating (Δh = 1 mm) was 14 ρ = 30 µm; thus, the deposition of diamond increased the sharpening of the cutting edge by a factor of 1.6, as measured with a "Calibre 252" profilometer. It can be explained by peculiarity of the diamond film deposition on the cylinder edge. There is a "cap" of the film on upper 200 microns (Fig. 3c) of the cylinder wall. Since the original sample had the shape of a cylinder, rather than of a cutter, we manufactured a special holder to carry out the tests that allowed one to orient the cutting edge at angles of α = 6 о and γ = -6 о (Fig. 6a) . The sample machined on a "1K62" automatic screw machine (Fig 6b) . The cutting force (Table 3 ) measured on the diamond coated plate F cut = 142 N was 52% of the cutting force of the non-coated plate. This allowed us to increase the cutting path length by a factor of 4.3: from 1890 to 8150 m (Fig. 6c) . The flank wear after cutting path of 1890 m (Fig. 6d) reaches the limit (0.5 mm) for the uncoated sample while it is negligible (Fig. 6e) for the diamond coated one. Cutting force is relatively high but we measure it for unoptimized cutter shape. In the case of milling tests cutting force is lower by 1-2 orders of magnitude [2] . F cut > 100 N usually results in diamond coating delamination when milling, but good adhesion allows the film to sustain cutting. Flank wear decreased (Table 3 ) from 137 mm 3 of the initial WC-Co sample material per 1 m 3 of A390 alloy to 74 mm 3 /m 3 for the diamond coated WC-Co sample. This value will increase when (i) growing thicker diamond film (4 μm is many times smaller amount than usually [20] ) and (ii) using real inserts engineered for cutting. 
Conclusions

